Study Design. A cross-sectional study.
C ervical spondylotic myelopathy (CSM) is progressive and degenerative, and one of the most commonly acquired causes of spinal cord dysfunction in adults. 1, 2 The pathophysiology of CSM involves static and dynamic factors. 3, 4 The static factor is stenosis of the spinal canal due to developmental canal stenosis or degenerative change. 3, 5, 6 Thus, narrowing of the ''spinal cord container'' has been highly suspected as a risk factor for the development of cervical myelopathy. [7] [8] [9] [10] [11] [12] [13] On the contrary, the relative size of the spinal cord or ''contents of the spinal canal'' has rarely been discussed as a risk factor, 14 although subjects with a relatively large spinal cord for the spinal canal have been found to be more susceptible to spinal cord damage. 15 Only a few studies have investigated the relationship between the cervical canal and spinal cord. Inoue et al 11 investigated a possible correlation between the state of the cervical canal and that of the spinal cord in 37 normal subjects, and found that the correlation was low. They suggested that the reason for there only being a low correlation was that the spinal cord had less structural variation than the bony canal. 11 Okada et al 14 compared the transverse area of the spinal canal and dural tube and the percentage of the canal occupied by the spinal cord in patients with CSM (n ¼ 28) and in controls (n ¼ 96) without neurological symptoms. In patients with CSM, the percentage of the canal occupied by the spinal cord was greater than in the controls. However, it was still unclear whether this higher percentage in cases of CSM was due to degenerative change or individual developmental differences.
There have been no large-scale studies investigating individual differences in the relative size of the spinal cord and spinal canal. In addition, no studies have addressed whether a relatively large spinal cord could be a risk factor for developing cervical spinal cord compression (SCC). The objective of this study was to investigate a possible relationship between the cervical canal diameter on X-ray and the dural sac and spinal cord area on magnetic resonance imaging (MRI) in healthy volunteers. In addition, this study aimed to evaluate whether the relative size of the spinal cord is a risk factor for developing cervical SCC, and if so, to determine the cutoff value of relative spinal cord size for developing SCC. This study was performed using a large amount of cross-sectional data on 1211 healthy subjects.
MATERIALS AND METHODS
A total of 1230 subjects were examined by cervical spine MRI between February 2006 and February 2008. The subjects were relatively healthy Japanese volunteers without neurological symptoms. We recruited the subjects using newspaper advertisements and posters in facilities having some sort of relationship with our hospital. The majority of the subjects were not patients at our hospital but relatively healthy residents of the area. The exclusion criteria included a history of brain or spinal surgery, comorbid neurologic disease (e.g., cerebral infarction or neuropathy), symptoms related to sensory or motor disorders (numbness, clumsiness, motor weakness, and gait disturbances), rheumatoid arthritis or other autoimmune diseases, or severe neck pain. We excluded pregnant women, individuals who received workmen's compensation, and those who presented with the symptoms after a motor vehicle accident. Subjects with other comorbidities (smoking, diabetes, hypertension, others) were included in this study. The institutional review board approved this study, and each patient signed a written consent form.
All participants underwent imaging analysis by 2 spinal surgeons (F.K. and K.S.). The MRI data from 1211 subjects were included in the analysis, after excluding the data from subjects with measurement difficulties resulting from artifacts such as motion artifacts or the presence of metals. There were approximately 100 volunteers representing both sexes and each decade of life from the third to the eighth decade. There were 606 male subjects: 101 in their 20s, 104 in their 30s, 100 in their 40s, 99 in their 50s, 101 in their 60s, and 101 in their 70s. There were 605 female subjects: 100 in their 20s, 99 in their 30s, 100 in their 40s, 103 in their 50s, 103 in their 60s, and 100 in their 70s.
Because radiographical measurement methods used in this study have already been described in detail elsewhere, only a brief summary is provided here. 16, 17 Lateral (neutral) X-rays of the cervical spine were taken with a distance of 1.5 m between the X-ray tube and the film for all subjects. A lateral (neutral) X-ray was taken while subjects were standing and facing forward. The anteroposterior (AP) diameter of the spinal canal was determined at each disc level from C2 to C3 to C6 to C7. 17 MRI scans were performed using a 1.5-Tesla superconductive magnet (Signa Horizon Excite HD version 12; GE Healthcare, UK, Buckingham, England). Scans were acquired at a slice thickness of 3 mm in the sagittal plane. T2-weighted images (fast spin echo TR, 3500 ms; TE, 102 ms) were acquired during sagittal scans. Axial scans were performed using T2-weighted images (fast spin echo TR, 4000 ms; TE, 102 ms). AP diameters of the dural sac and spinal cord and the cross-sectional area of the spinal cord were determined at each disc level from C2 to C3 to C6 to C7. 16, 18 All images were transferred to a computer as Digital Imaging and Communications in Medicine (DICOM) data to measure AP diameters and cross-sectional areas using imaging software (Osiris 4; Icestar Media Ltd, Essex, UK).
The Definition of Spinal Cord Compression
SCC was considered to exist when the AP diameter of the spinal canal at the narrowest level was less than or equal to the AP diameter of the spinal cord at the mid C5 vertebral body level as shown in our previous paper. 19 SCC was evaluated at each intervertebral level from C2 to C3 to C6 to C7.
Statistical Analysis
Correlation between the AP diameter of the spinal canal on X-ray and the AP diameter of the dural sac and spinal cord on MRI was determined using Pearson correlation coefficients. Multiple comparison analysis was performed with analysis of variance (ANOVA) and Bonferroni posthoc tests. An unpaired t test was used to evaluate differences between the 2 groups. We used receiver operating characteristic (ROC) analysis to determine the cutoff value of the ratio of the AP diameter of the spinal cord and the size of the dural sac resulting in SCC at the C2 to C3 disc level. A P value of <0.05 was considered significant. All analyses were conducted using PRISM version 6 (GraphPad Software, San Diego, CA).
RESULTS

The Correlation Between Cervical Canal Diameter on X-Ray and AP Diameter and Cross-Sectional area of the Dural Sac and Spinal Cord on MRI
The individual data on cervical canal diameter on X-ray and AP diameter and cross-sectional area of the dural sac and spinal cord on MRI were summarized in our previous papers. 16, 17 In total, 35 subjects (2.9%) had narrow cervical canals (<13 mm). The AP diameter of the spinal canal on Xray correlated closely with the AP diameter of the dural sac and spinal cord and the cross-sectional area of the spinal cord on MRI ( Figure 1 ). The degree of this correlation was essentially the same for all age groups and spinal levels. The correlations were lower between the AP diameter of the spinal canal on X-ray and the AP diameter and the crosssectional area of the spinal cord than the AP diameter of the spinal canal on X-ray and the AP diameter of the dural sac. The correlation between cervical bony canal size on X-ray and spinal cord size on MRI was lower than that between cervical bony canal size on X-ray and dural sac size on MRI.
The Ratio of the AP Diameter of the Spinal Cord to the Size of the Spinal Bony Canal
The ratio of the AP diameter of the spinal cord to the size of the spinal bony canal was 49.8 AE 5.7, 51.5 AE 5.7, 50.5 AE 5.9, 50.1 AE 6.2, and 46.5 AE 6.1% in C2 to C3, C3 to C4, C4 to C5, C5 to C6, and C6 to C7, respectively ( Figure 2 ). The AP diameter of the spinal cord, then, occupied nearly 50% of the spinal bony canal. Multiple comparisons between the spinal levels showed significant differences (ANOVA: P < 0.001; C2-C3 vs. C4-C5 and C5-C6, and C4-C5 vs. C5-C6 did not display significant differences, but other pairs in the Bonferroni multiple comparison tests showed statistically significant differences). Age-related differences in the ratio were not observed except at C2 to C3 (Table 1) , at which the ratio became higher with age (Table 1 ). Individual differences in the ratio were great; 18% and 74% were the minimum and maximum values of the ratio, respectively.
The Ratio of the AP Diameter of the Spinal Cord to the Size of the Dural Sac
The ratios of the AP diameter of the spinal cord to the size of the dural sac was 59.6 AE 6.8, 61.4 AE 6.7, 60.6 AE 7.0, 61.7 AE 7.5, and 58.0 AE 7.7% at C2 to C3, C3 to C4, C4 to C5, C5 to C6, and C6 to C7, respectively ( Figure 3) . Thus, the AP diameter of the spinal cord was nearly 60% of the dural sac, and the ratio of the AP diameter of the spinal cord to the size of the dural sac was highest at C5 to C6. Multiple comparisons between spinal levels showed significant differences (ANOVA: P < 0.001; C3-4 vs. C4-5 and C5-6 were not significant, but other pairs in the Bonferroni multiple comparison test showed statistically significant differences). Age-related differences were observed at all spinal levels, with the ratio becoming higher with age (Table 2 ). Individual differences in the ratio were great; 35% and 93% were the minimum and maximum values of the ratio, respectively.
Ratio of the Cross-Sectional Area of the Spinal Cord to the Size of the Dural Sac
The ratio of the AP diameter of the spinal cord to the size of the spinal bony canal was 37.4 AE 6.8, 45.1 AE 8.0, 47.0 AE 8.7, 46.7 AE 8.4, and 41.8 AE 8.5% in C2 to C3, C3 to C4, C4 to C5, C5 to C6, and C6 to C7, respectively (Figure 4) . The cross-sectional area of the spinal cord was nearly 45% of the dural sac at C3 to C4, C4 to C5, and C5 to C6. Multiple comparisons between the spinal levels showed significant differences (ANOVA: P < 0.001, C4-C5 vs. C5-C6 was not significant, but other pairs in the Bonferroni multiple comparison tests showed statistically significant differences). Age-related differences in the ratio were observed at C2 to C3, C5 to C6, and C6 to C7 ( Table 3 ). The ratio became higher with age at these levels ( Table 3) .
Ratio of the Diameter of the Spinal Cord to the Size of the Dural Sac With/Without SCC SCC was confirmed in 64 (5.3%) subjects on MRI, as shown in our previous study. 18 SCCs were located at C3 to C4, C4 to C5, C5 to C6, and C6 to C7 in 11, 19, 39, and 26 subjects, respectively. 18 The ratio of the AP diameter of the spinal cord to the size of the dural sac was significantly higher in subjects with SCC than in those without SCC at every spinal level (Table 4 ). In addition, the ratio of the cross-sectional area of the spinal cord to the size of the dural sac was significantly higher in the subjects with SCC than in those without SCC at every spinal level (Table 5 ). To determine the cutoff value of the ratio of the AP diameter of the spinal cord to the size of the dural sac at C2 to C3 for developing SCC, ROC analysis was also performed. Overall, 61.9% was found to be the cutoff value of the ratio for developing SCC (P < 0.001, area under curve: 0.73, Figure 5 ).
DISCUSSION
This study represents the largest cross-sectional analysis of cervical X-ray and MRI in healthy subjects. On the basis of our findings, spinal cord diameter does not closely correlate with spinal canal diameter, but dural sac diameter closely Average AE standard deviation (minimum-maximum) in each. ANOVA indicates analysis of variance; n.s., not significant. correlates with spinal canal diameter. The spinal cord diameters in our subjects were unrelated to their spinal canal diameters, and the relative sizes of their spinal cords and spinal canals differed from subject to subject. In addition, the ratio of the diameter of the spinal cord to the size of the dural sac in subjects with SCC was significantly higher than that in those without SCC, with a cutoff value of approximately 62% at the C2 to C3 disc level.
Besides the MRI study mentioned in the Introduction by et al, 14 2 other studies have investigated the relationship between CSM diagnosis and spinal cord size. Hukuda et al 20 compared several CT measurements in patients with CSM and those in a control group of patients with other forms of spinal lesions (e.g., rheumatoid spondylitis, traumatic subluxation, thoracic metastatic tumor). In the CSM group, the transverse diameter and sagittal diameter of the spinal canal were significantly smaller at all vertebral levels. In addition, the cross-sectional area of the spinal canal was significantly smaller in the CSM group. CSM patients also had a smaller sagittal diameter of the spinal cord at all levels and a smaller transverse diameter at C4, C6, and C7. The space available for the spinal cord in the sagittal (C5-C7) and transverse planes (C3, C5) was significantly smaller in the CSM group. There was no significant difference between the 2 groups in the cross-sectional space available for the spinal cord.
Golash et al 21 compared MRI features across 3 groups: (1) volunteers; (2) asymptomatic patients with image-evidence of cervical spondylosis; and (3) patients with symptomatic myelopathy and MRI evidence of spondylosis. The cross-sectional areas of the spinal canal, cord, and cerebrospinal fluid (CSF) were significantly smaller in the CSM group than in the other 2 groups. However, small cross-sectional area of the CSF was the only independent prognostic indicator of CSM diagnosis.
Our results showed that cervical spinal cord size varied widely, and that the variation was independent of variation in the bony canal size. If the spinal cord within a narrow canal was relatively small, SCC would not likely occur. Thus, in general, the relative size of the spinal cord could affect the occurrence of SCC. In the present study, the ratio of the diameter of the spinal cord to the size of the dural sac was measured at C2 to C3, which was uncompressed in the subjects with SCC. Therefore, the high occupying ratio of the spinal cord in SCC patients was not due to degenerative change, but rather due to differences in individual developmental spinal cord size. Overall, besides developmental canal stenosis, the relative size of the spinal cord could be a risk factor for SCC.
There were some limitations to the present study that should be addressed in order to improve the reliability of our findings. Our major limitation was that only healthy asymptomatic subjects were enrolled in this study. To confirm whether a relatively large spinal cord is a risk factor for SCC, more symptomatic patients with SCC should have been included. This could have led to a selection bias in favor of relatively healthy participants; however, we are now following up the cross-sectional cohort used this time, and investigating the subjects developing myelopathy. We will evaluate whether a relatively large spinal cord could be a risk factor in these subjects. In addition, we are now collecting symptomatic patients' data in order to validate these preliminary results obtained in the current study. As the results are limited to SCC on ''MRI,'' we need to further investigate whether the risk factor we identified could also become a risk factor for ''myelopathy.'' Second, the survey was limited to the Japanese population, so racial differences were not taken into account. A final limitation was that the MRI images were not evaluated by radiologists but spine surgeons. This might have affected the sensitivity and specificity of the radiographic evaluation.
In conclusion, this large-scale, cross-sectional analysis of cervical spine X-ray and MRI data in healthy subjects demonstrates that the relative size of the spinal cord differs on an individual basis, and that the subjects with a relatively large spinal cord have a risk for SCC. Future comparison of the relative spinal cord size in healthy subjects and symptomatic patients with SCC could be helpful in further investigating the relationship between relative spinal cord size and risk of developing SCC and cervical myelopathy.
Key Points
The cervical canal diameter on X-ray, and diameter and cross-sectional area of the dural sac and spinal cord on MRI were measured in 1211 healthy volunteers. The spinal cord diameter was independent of the spinal canal diameter, and the relative size of the spinal cord and spinal canal differed on an individual basis. The ratio of the spinal cord/dural sac in subjects with SCC was significantly larger than those without SCC. A high AP diameter ratio (more than 62% at C2-C3 disc level) of the spinal cord/dural sac is a risk factor for developing SCC.
A relatively large spinal cord could be a risk factor for developing SCC.
